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Abstract 
For natural analogue study of CO2 leakage, the Matsushiro field in central Japan was selected to investigate hydrogeochemical 
behavior due to CO2 leakage from a fault zone during the period of the Matsushiro Earthquake Swarm between 1965 and 1967. 
One of the main objectives of the modeling study is to understand effects of hydrogeological characteristics of shallow aquifers 
and seal mechanism due to mineral precipitation in a fault zone. Reactive geochemical transport simulations were carried out 
using TOUGHREACT. Based on the historical data including discharge rate, chemical composition of water and seismic activity, 
we developed a numerical model to reproduce the geochemical behavior during and after the swarm earthquakes. A two-
dimensional model (2000 m × 1800 m) for the fault zone using the Multiple Interacting Continua (MINC) method was set up to 
evaluate geochemical effects during degassing and mixing of brine upwelling along the fault zone. The simulation results can 
capture the observed trend at the Matsushiro field. Supercritical and gaseous CO2 occur in the deep and the shallow fracture 
zones, respectively. During the earthquake swarm, CO2 saturated brine moves up along the fracture zone and CO2 degassing 
occurs in the shallow zone. Subsequently, water pH increases and a small amount of calcite precipitates. Lateral groundwater 
flow in shallow aquifers, which transports the CO2 away from the fault zone, makes CO2 surface discharge small. At the same 
time, calcite dissolves after the swarm due to lateral fresh water recharge. The result is consistent with the fact that no calcite 
observed in the core from the 80 m borehole drilled during the course of this study, indicating that CO2 discharge is likely 
affected by lateral shallow groundwater flow. Measurements of surface CO2 flux and soil gas G13C indicated that little seepage of 
CO2 occurs in the area of the fan deposits at present, 40 years after the earthquake swarm. Using the same model, long term 
leakage simulations (if supercritical CO2 leaked along fault zone from the storage reservoir) were carried out to test whether CO2 
surface leakage occurs or not. Two simulations were performed, with CO2 upflow rates of 50,000 and 100,000 kg/year in an area 
of 25 m × 25 m. CO2 surface leakage does not occur in the first case, while CO2 leakage occurs in the second case. CO2 surface 
leakage is reduced because CO2 dissolves in groundwater flowing laterally in shallow aquifer. These simulations indicate that it 
is important to understand hydrogeological characteristics of aquifers underlain by reservoir as well as cap rocks. 
© 2008 Elsevier Ltd. All rights reserved 
Keywords: CO2 leakage; natural analogue; Matsushiro Earthquake Swarm; fault zone; reactive geochemical transport simulation 
 
* Corresponding author. Tel.: +81-3-3546-2211; fax: +81-3-3546-9417. 
E-mail address: norifumi_todaka@jpower.co.jp. 
c 09 Elsevier Ltd.
r Procedia 1 (2009) 2413–242
www.els vi r.com/locate/procedia
doi:10.1016/j.egypro.2009.02.002
Open access und r CC BY-NC-ND license.
2 Todaka et al./ Energy Procedia 00 (2008) 000–000 
1. Introduction 
Two different kinds of fluid pathways in geological formations are considered as posing potential risks of CO2 
leakage. One is an abandoned well and the other is a fault zone or open fracture. To better understand environmental 
impacts and manage the risk associated with CO2 storage, we studied mechanisms and conditions of leakage through 
a fault zone as a natural analogue. The Matsushiro field in central Japan was selected for this purpose. It is well-
known as the site of the Matsushiro Earthquake Swarm between 1965 and 1968. During this period, huge amounts 
of water and CO2 discharged from fissures. Over 40 years have passed since the swarm earthquakes began. 
The geochemical study was carried out as part of Monitoring and Modeling Studies for “Environmental Effect 
and Risk Management Study for Carbon Dioxide Geologic Sequestration using Natural Analogues”, sponsored by 
the Japanese Ministry of Economy, Trade and Industry. An overview of the entire project, and the geochemical 
survey and modeling are described by Yamamoto et al. [1], and Tosha et al. [2] and Todaka et al. [3], respectively. 
 
2. Numerical Methods 
Reactive geochemical transport simulations were carried out to study geochemical changes caused by the 
Matsushiro Earthquake Swarm using the code TOUGHREACT [Xu et al., 2006][4]. TOUGHREACT was 
developed by introducing reactive geochemistry into the framework of the existing multi-phase fluid and heat flow 
code TOUGH2 [Pruess et al, 1999][5]. The ECO2N module [Pruess, 2005][6], which includes transitions from 
super- to subcritical conditions, and an accurate model for the partitioning of water and CO2 between aqueous and 
CO2-rich phases [Spycher and Pruess, 2005][7], was recently incorporated for this study. 
 
3. Field Description and Conceptual Model 
3.1. Field description 
The earthquake swarm had been extremely active for 1.5 years from 1965 onward. A vast amount of water and 
CO2 discharged from surface fissures during the active period, and changes in water chemistry from wells and 
fissures were measured. Tsukahara and Yoshida [8] compiled changes in the chloride concentration of the hot spring 
water from the shallow well (Well No.1 of Ichiyokan) as shown in Figure 1. In the periods 1 and 2 of the earthquake 
swarm, chloride concentration and water discharge showed only small changes. The discharges of water and CO2 
began to increase from September 1966, consistent with the peak of seismic activity in the period 3. Chloride 
concentration of the hot spring water increased rapidly after the peak of seismic activity in period 3, presumably due 
to mixing with ascending deep brine. From 1967 to the present time, seismic activity rapidly decreased but chloride 
concentration remained nearly constant. The chemical changes could be caused mainly by mixing of the deep brine 
with high concentrations of dissolved CO2, based on the relationship between chloride and bromide. At present, 40 
years after the earthquake swarm, little seepage of CO2 occurs in the area of the fan deposits based on measurements 
of CO2 flux and soil gas G13C  although CO2 seepage still occurs in no distribution area of the fan deposits [Tosha et 
al., 2008]. 
3.2. Conceptual model 
Todaka et al. [2006] indicated a conceptual model of CO2 leakage in the active period of the Matsushiro 
Earthquake Swarm (Figure 2). The deep brine (Cl: 10,000 mg/l at a depth of 1,800m) with high concentration of 
dissolved CO2 would be upwelling along the fault zone. CO2 would be degassing from the brine due to fluid 
pressure decrease as the deep brine flows upward. The pH would increase when CO2 degasses and calcite might 
precipitate in the fault zone, similar to calcite scaling in geothermal production wells. According to Okusawa and 
Tsukahara [9], there might be some aquifers where the deep brine with degassed CO2 ascending from the fault zone 
would partly flow laterally and mix with local groundwater with a lower concentration of chloride. 
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Figure 1  Relationship between felt earthquakes and 
changes in Cl concentration, water discharge and 
ground movement for the active period, compiled by 
Tsukahara and Yoshida 2005]. The three periods of 
earthquake activity are marked in the bottom panel. 
4. Problem Setup 
Using the historical data such as discharge rate, water chemical composition and seismic activity, we developed a 
numerical model to capture the geochemical behavior during the swarm earthquakes. Based on the one-dimensional 
model [Todaka et al., 2006], a two-dimensional (2-D) model using the Multiple Interacting Continua (MINC) 
method for fault zone in the center of the model area was set up to evaluate geochemical effects by degassing of 
deep brine upwelling along the fault zone and mixing of deep brine with shallow groundwater. The porous medium 
was assumed except for the fault zone. The 2000 m u 1800 m (25 m perspective) study region is subdivided into 
2064 grid blocks (43u48). Rock properties used for this simulation are shown in Table 1.  
 
Table 1 Main parameters used for the simulation. Uppermost aquifer is fan deposits with 100md and the other aquifers are sandstone with 10 md. 
Impermeable layers are shale with 0.01 md. 
 Quartz diorite Aquifers Impermeable layers Fault zone (fracture/matrix) 
Layer thickness 800 m 150 ~ 200 m 100 m 25 m 
Permeability 0.1 md 10 ~ 100 md 0.01 md 1000 md / 0.1 md 
Porosity 0.05 0.2 0.2 0.5 / 0.197 
 
A linear temperature gradient from 10°C to 98°C was assumed based on well logging data [Takahashi, 1970][10]. 
The pressure at the bottom boundary was assumed a constant 181 bars, and 1 bar at the top boundary. Based on the 
reported discharge volume [Iijima, 1969][11] and discharge area during the earthquake swarm, the water upwelling 
Figure 2 Conceptual model of CO2 leakage during the Matsushiro 
Earthquake Swarm [Todaka et al., 2006]. 
N. Todaka et al. / Energy Procedia 1 (2009) 2413–2420 2415
4 Todaka et al./ Energy Procedia 00 (2008) 000–000 
rate from the bottom of the fracture zone was assumed to be 3.27u10-1 kg/s of H2O, 5.34u10-3 kg/s of NaCl and 
1.47u10-2 kg/s of CO2 for an area of 625 m2 during the earthquake swarm (0~1.5 years). The brine with 4.2% of 
dissolved CO2 is just saturated with respect to CO2 at a depth of 1800 m. After 1.5 years, water upwelling rate was 
assumed to decrease to one tenth of the upwelling rate during the swarm. Lateral flow rates in the uppermost aquifer 
(fan deposits, see Figure 3) and the upper aquifer were assumed as 1.83u10-2 kg/s and 1.83u10-3 kg/s, respectively. 
The chemical compositions of waters from the well (vertical depth: 1800 m) drilled by National Research Institute 
for Earth Science and Disaster Prevention (NIED) and well MCO2-1 (80 m) and surface water are used for the 
initial water (Table 2). 
The initial mineral abundances were assigned based on field observation (Table 3). Possible secondary minerals 
used are the same as those of Todaka et al. [2006], determined from field observations of water-rock interactions 
and from equilibrium geochemical model calculations. All minerals were considered under kinetic conditions. A 
general kinetic rate law was used and kinetic parameters and reactive surface areas were taken from Xu et al. [2006]. 

 
 
Figure 3 Outline of numerical model at the Matsushiro field.  
Table 2 Chemical compositions of each groundwater used for the simulations. The chemical composition of the water from the NIED borehole 
was used to estimate that of the upwelling brine saturated with respect to CO2 at a depth of 1800 m.  
Sample Temp. pH Na K Ca Mg Fe Al Cl SO4 SiO2 T-CO2
 °C - mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l 
NIED borehole 48 6.7 4380 460 1380 328 15.9 0.05 9820 237 129 1880 
MCO2-1 borehole 18 6.6 15.3 5.3 342 51.1 0.41 0.19 473 124 16.2 386 
Shallow well 11.5 7.1 9.9 1.5 33.6 11.2 0.11 0.07 8.6 46.2 13.0 41.6 
 
Table 3 Mineral volume fractions of rocks used for the simulations. Abbreviations are, Qz: quartz, Pl: plagioclase, K-f: K-feldspar, Bi: biotite, 
Ep: epidote, Sm: smectite, Se: sericite, Ch: chlorite, Ka: kaolinite, Cc: calcite, Py: pyrite, Mt: magnetite. Unit is volume %. 
 Qz Pl K-f Bi Ep Sm Se Ch Ka Cc Py Mt Other minerals
Quartz diorite 16.2 55.2 0.1 - 0.7 5.8 0.3 1.2 - 3.8 0.5 0.4 15.8 
Sandstone 42.6 15.7 0.7 4.1 11.8 18.4 - 0.1 2.2 - - 1.1 3.3 
0 1 km 
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5. Results and Discussion 
5.1. Behavior of CO2 gas 
Behavior of CO2 gas (gas saturation) at different times is shown in Figure 4. Degassing occurs in two zones along 
the fracture zone after one year. A supercritical CO2 phase forms between 1200 m and 1800 m. Supercritical CO2 
gradually dissolves during upwelling and completely dissolves at the depth of 1200 m. Supercritical CO2 in the deep 
zone is trapped under residual gas saturation (Sgr=0.05) in the models. CO2 degasses again at a depth of 450 m. CO2 
perfectly dissolves in the middle zone between 450 m and 1200 m. CO2 dissolution and exsolution are caused by 
solubility changes that depend on the conditions of pressure and temperature. Gas saturation in the uppermost block 
is 0.09 after one year. The result of 2-D simulation is consistent with that of 1-D simulation during the earthquake 
swarm [Todaka et al., 2006]. After 5 years, CO2 gas in the shallow zone disappears. 
 
 
Figure 4 Gas saturation distribution at different times during and after the earthquake swarm. 
 
           
Figure 5 Changes in water chemical compositions of the fracture zone in the uppermost block. The left figure shows the simulation result and the 
right figure shows measurement results partly taken from Kitano et al. [1968]. 
5.2. Chemical compositions of groundwater 
Figure 5 (left figure) shows changes in chemical compositions of groundwater in the uppermost block (12.5m 
depth) of the fracture zone. Simulation result shows that sodium and chloride concentrations increase after 0.7 years 
from the beginning of the earthquake swarm and then decrease. Calcium concentration, however, becomes constant 
from 0.7 to 1.5 years after increase of calcium concentration. Discharge water changes to CaǜNa-HCO3ǜCl type from 
initial water of Na-HCO3 type. It is considered that the chemical change is due to mixing of deep brine and shallow 
Time (months) 
meq/l 
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groundwater and water-rock interaction. After the earthquake swarm almost ended after 1.5 years, these 
concentrations decreases. Water pH decreases to 5.8 during the swarm and returns to the original pH of 8.8 after 3 
years. Calculated changes in water chemistry of the uppermost block are consistent with the measurements of 
Kitano et al. [12] as shown in Figure 5 (right figure). Chloride concentration of upper part of quartz diorite is almost 
constant after the swarm died down (not shown). It is consistent with the Ichiyokan hot spring data compiled by 
Tsukahara and Yoshida [2005]. 
Figure 6 shows distributions of chloride and bicarbonate concentrations and pH at different times during and after 
the earthquake swarm. The simulation result indicates that CO2 gas does not go up to the surface and flow laterally 
with mixing of shallow groundwater after two years. Lateral groundwater flow in shallow aquifers, which transports 
the CO2 away from the fault zone, makes CO2 surface discharge small.  
5.3. Dissolution and precipitation of calcite 
Calcite precipitates at a depth of 200 m just after the active period of the earthquake swarm died down, but 
dissolves near surface (Figure 7). After the swarm, calcite precipitates during the swarm dissolve due to lateral fresh 
water recharge. It is consistent with the field observation which shows calcite cannot be seen in the core samples at 
shallow depth. The result indicates that sealing effect by calcite precipitation might not be expected much. 
Based on the surface CO2 flux measurement and G13C analysis of soil gas, little seepage of CO2 gas is occurring 
in the area of fan deposits at present, 40 years after the earthquake swarm. Although the 1-D simulation [Todaka et 
al., 2006] suggested that calcite precipitation might prevent CO2 from escaping through fractures, CO2 discharge is 
likely affected by lateral shallow groundwater flow as mentioned above.  
 
 (a) Cl- concentration 
 
(b) HCO3- concentration 
 
(c) pH 
 
Figure 6 Distributions of Cl- and HCO3- concentrations and pH at different times during and after the earthquake swarm. 
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Figure 7 Distribution of calcite abundance at different times during and after the earthquake swarm. 
5.4. Long term leakage simulations 
Using the same model, long term leakage simulations (if supercritical CO2 leaked along fault zone from the 
storage reservoir) were carried out to test whether CO2 surface discharge occurs or not. Two simulations were 
performed, with CO2 upflow rates of 50,000 and 100,000 kg/year in an area of 25 m × 25 m. Figure 8 shows profiles 
of some chemical compositions including gas saturation along the fault zone after 100 years.  
Consequently, in the first case, CO2 leakage does not occur in the land surface and dissolved CO2 in groundwater 
in the uppermost aquifer is not elevated. In the second case, however, CO2 leakage occurs in the land surface and 
discharged water has a higher concentration of dissolved CO2 and a lower pH. CO2 leakage in the land surface is 
reduced because CO2 dissolves in groundwater flowing laterally in shallow aquifers. These simulations indicate that 
it is important to understand hydrogeological characteristics of shallow aquifer such as permeability and lateral 
groundwater flow rate.  
 
                  
Figure 8 Distribution of gas saturation (SG) and aqueous concentrations along the fracture zone obtained with CO2 upflow rates of 50,000 kg/year 
(left graph) and 100,000 kg/year(right graph) in an area of 25 m × 25 m.  
6. Conclusions 
For natural analogue study of CO2 leakage, reactive geochemical transport simulations were carried out using 
TOUGHREACT to investigate hydrogeochemical behavior due to CO2 leakage from a fault zone during the period 
N. Todaka et al. / Energy Procedia 1 (2009) 2413–2420 2419
8 Todaka et al./ Energy Procedia 00 (2008) 000–000 
of the Matsushiro Earthquake Swarm between 1965 and 1967. The simulation results can capture the trend of 
hydrogeological and geochemical observations of the Matsushiro field. During the earthquake swarm, CO2 saturated 
brine moves up along the fracture zone and CO2 degassing occurs in the deep and shallow zones. Lateral 
groundwater flow in shallow aquifers, which transports the CO2 away from the fault zone, makes CO2 surface 
discharge small. At the same time, calcite precipitates during the swarm dissolve due to lateral fresh water recharge. 
The result is consistent with the fact that no calcite observed in the core from the 80 m borehole drilled during the 
course of this study, indicating that CO2 discharge is likely affected by lateral shallow groundwater flow. 
Measurements of surface CO2 flux and soil gas G13C indicated that little seepage of CO2 occurs in the area of the fan 
deposits at present. 
Using the same model, long term leakage simulations were carried out to test whether CO2 surface leakage 
occurs or not. Two simulations were performed, with CO2 upflow rates of 50,000 and 100,000 kg/yearin an area of 
25 m × 25 m. CO2 surface leakage does not occur in the first case, while CO2 leakage occurs in the second case. CO2 
surface leakage is reduced by lateral groundwater flow due to dissolution. Therefore, it is important to understand 
hydrogeological characteristics of aquifers underlain by reservoir as well as cap rocks. 
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